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(57) ABSTRACT

The present optical modulator includes an optical waveguide
core made of a semiconductor material, an electrode, and a
plurality of channels made of a semiconductor material doped
in an n type or a p type and electrically connecting the optical
waveguide core and the electrode to each other. The plurality
of channels are provided in a spaced relationship from each
other along a propagation direction of light; the optical
waveguide core includes a doped region doped in the n type or
the p type and a non-doped region. The doped region and the
non-doped region are disposed alternately along the propa-
gation direction of light. Each of the plurality of channels is
connected to the doped region.
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1
OPTICAL MODULATOR AND OPTICAL
TRANSMITTER

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority of the prior Japanese Patent Application No. 2012-
262265, filed on Nov. 30, 2012, the entire contents of which
are incorporated herein by reference.

FIELD

The embodiments discussed herein are related to an optical
modulator and an optical transmitter.

BACKGROUND

Conventionally, there is an optical modulator using a pn
diode or a pin diode. Such an optical modulator as described
includes an optical waveguide core including a pn j unction
portion or a pin junction portion, an electrode, and a channel
that electrically connects the optical waveguide core and the
electrode to each other. The optical modulator modulates
light by changing an electric signal to be supplied from the
electrode to the optical waveguide core through the channel.

As such an optical modulator as described above, for
example, there are a rib waveguide type optical modulator
that uses a pn diode, a side-wall grating waveguide type
optical modulator that uses a pin diode and so forth.

Of such optical modulators, the rib waveguide type optical
modulator that uses a pn diode includes a rib portion that
functions as an optical waveguide core and a slab portion that
functions as a channel. In the rib waveguide type optical
modulator, light is confined in and propagates along the rib
portion by a film thickness difference between the rib portion
and the slab portion. In particular, in the rib waveguide type
optical modulator, the slab portion is formed with a fixed
thickness over the entire area thereof in the light propagation
direction while the thickness thereof is formed smaller than
that of the rib portion so that light is selectively confined in
and propagates along the rib portion.

Meanwhile, the side-wall grating waveguide type optical
modulator that uses a pin diode includes a grating provided
partially along the light propagation direction on a side wall
of the optical waveguide core, and the grating functions as a
channel. In the side-wall grating waveguide type optical
modulator, the region in which the grating is formed exhibits
an average refractive index lower than that in the optical
waveguide core so that light is confined in and propagates
along the optical waveguide core. In other words, in the
side-wall grating waveguide type optical modulator, the grat-
ing has a thickness equal to that of the optical waveguide core
and is formed partially along the light propagation direction
so that light is selectively confined in and propagates along
the optical waveguide core.

SUMMARY

According to an aspect of the embodiment, an optical
modulator includes an optical waveguide core made of a
semiconductor material; an electrode; and a plurality of chan-
nels made of a semiconductor material doped in an n type or
a p type and electrically connecting the optical waveguide
core and the electrode to each other; wherein the plurality of
channels are provided in a spaced relationship from each
other along a propagation direction of light; the optical
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waveguide core includes a doped region doped in the n type or
the p type and a non-doped region, the doped region and the
non-doped region being disposed alternately along the propa-
gation direction of light; and each of the plurality of channels
is connected to the doped region.

According to another aspect of the embodiment, an optical
transmitter includes a semiconductor laser that outputs con-
tinuous light; and an optical modulator that modulates the
continuous light from the semiconductor laser; the optical
modulator including an optical waveguide core made of a
semiconductor material; an electrode; and a plurality of chan-
nels made of a semiconductor material doped in an n type or
a p type and electrically connecting the optical waveguide
core and the electrode to each other; the plurality of channels
being provided in a spaced relationship from each other along
a propagation direction of light; the optical waveguide core
including a doped region doped in the n type or the p type and
a non-doped region, the doped region and the non-doped
region being disposed alternately along the propagation
direction of light; and each of the plurality of channels being
individually connected to the doped region; the plurality of
channels being provided periodically in a fixedly spaced rela-
tionship from each other in the propagation direction of light;
awavelength of the continuous light outputted from the semi-
conductor laser being set to a wavelength in the proximity of
aband edge on the longer wavelength side of a stop band of a
transmission spectrum of the optical modulator.

The object and advantages of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out in the claims.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1A to 10 are schematic views depicting a configu-
ration of an optical modulator (side-wall grating waveguide
type optical modulator) according to an embodiment, and
wherein FIG. 1A is a plan view, FIG. 1B a sectional view
taken along line B-B' of FIG. 1A, and FIG. 1C a sectional
view taken along line C-C' of FIG. 1A;

FIG. 2is a schematic plan view depicting a configuration of
an optical modulator (side-wall grating waveguide type opti-
cal modulator) of a comparative example;

FIG. 3 is a schematic plan view depicting a configuration of
an optical modulator (Mach-Zehnder type optical modulator)
according to the embodiment;

FIGS. 4A to 4M are schematic views illustrating a fabri-
cation method of the optical modulator (Mach-Zehnder type
optical modulator including the side-wall grating waveguide
type optical modulator) according to the embodiment, and
wherein FIG. 4A is a plan view, FIG. 4B a sectional view
taken along line A-A' of FIG. 4A, FIG. 4C a plan view, FIG.
4D a sectional view taken along line A-A' of F1G. 4C, F1G. 4E
aplan view, FIG. 4F a sectional view taken along line A-A' of
FIG. 4E, FIG. 4G a sectional view taken along line B-B' of
FIG. 4E, FIG. 4H a plan view, FIG. 4] a sectional view taken
along line A-A' of FIG. 4H, FIG. 4] a sectional view taken
along line B-B' of FIG. 4H, FIG. 4K a plan view, FIG. 4L a
sectional view taken along line A-A' of FIG. 4K, and FIG. 4M
a sectional view taken along line B-B' of FIG. 4K;

FIG. 5 is a view illustrating a transmission spectrum of the
optical modulator (side-wall grating waveguide type optical
modulator) according to the embodiment;

FIG. 6 is a view illustrating an intensity distribution of
propagation light when the operating wavelength is set to a
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wavelength of approximately 1,550 nm included in a trans-
mission wavelength band of the transmission spectrum of the
optical modulator (side-wall grating waveguide type optical
modulator) according to the embodiment;

FIG. 7 is a view illustrating an intensity distribution of
propagation light when the operating wavelength is set to a
wavelength of approximately 1,470 nm in the proximity of a
band edge on the long wavelength side of a stop band of the
transmission spectrum of the optical modulator (side-wall
grating waveguide type optical modulator) according to the
embodiment;

FIG. 8 is a schematic plan view depicting a configuration of
an optical modulator (side-wall grating waveguide type opti-
cal modulator) according to a first modification to the
embodiment;

FIGS. 9A to 9C are schematic views depicting a configu-
ration of an optical modulator (side-wall grating waveguide
type optical modulator) according to a second modification to
the embodiment, and wherein FIG. 9A is a plan view, FIG. 9B
a sectional view taken along line B-B' of FIG. 9A, and FIG.
9C a sectional view taken along line C-C' of FIG. 9A; and

FIG. 10 is a schematic plan view depicting a configuration
of an optical modulator (absorption type optical modulator)
according to a third modification to the embodiment.

DESCRIPTION OF EMBODIMENTS

Incidentally, it seems advisable to configure a side-wall
grating waveguide type optical modulator using a pn diode,
for example, as depicted in FIG. 2 wherein one side of the
optical waveguide core is doped in the n type while the other
side is doped in the p type like the above-described rib
waveguide type optical modulator that uses a pn diode in
order to make it possible to achieve operation of a higher
speed than operation of the above-described side-wall grating
waveguide type optical modulator that uses a pin diode.

However, if one side ofthe optical waveguide core is doped
in the n type and the other side is doped in the p type, then the
propagation loss of light when the light is confined in and
propagates along the optical waveguide core increases.

Therefore, it is desirable to implement a side-wall grating
waveguide type optical modulator which can operate at a
higher speed while preventing increase of the propagation
loss and an optical transmitter that includes the side-wall
grating waveguide type optical modulator.

In the following, an optical modulator and an optical trans-
mitter according to an embodiment are described with refer-
ence to FIGS. 1A to 7.

The optical modulator according to the embodiment is
made of a semiconductor material and uses a pn diode. In
particular, as depicted in FIGS. 1A to 1C, the optical modu-
lator according to the embodiment includes an optical
waveguide core 2 including pn junction portions 1, electrodes
3, and a plurality of channels 4 made of a semiconductor
material doped in the n type or the p type and electrically
connecting the optical waveguide core 2 and the electrodes 3
to each other. Here, the optical waveguide core 2 extends
linearly, and the electrodes 3 are provided in parallel to the
optical waveguide core 2. The optical modulator changes an
electric signal to be supplied from the electrodes 3 to the
optical waveguide core 2 through the channels 4 to modulate
light. It is to be noted that the optical modulator 5 is referred
to also as semiconductor optical modulator. Further, the opti-
cal waveguide core 2 is referred to also as optical waveguide
core layer.

The optical modulator 5 is an optical modulator of the
side-wall grating optical waveguide type and includes a plu-
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rality of gratings provided partially on side-wall of the optical
waveguide core 2 along the propagation direction (advancing
direction) of light and functioning as channels 4. In particular,
the plurality of channels 4 are provided in a spaced relation-
ship from each other along the propagation direction of light.
Here, the plurality of channels 4, namely, the plurality of
gratings, are disposed periodically in a fixedly spaced rela-
tionship from each other along the propagation direction of
light. It is to be noted that the plurality of channels 4, namely,
the plurality of gratings, may be provided non-periodically.

In the side-wall grating optical waveguide type optical
modulator 5, the regions in which the gratings 4 are formed
(here, the regions configured from the gratings and an oxide
film because the gratings 4 are peripherally covered with the
oxide film) is lower in average refractive index than the opti-
cal waveguide core 2. Consequently, light is confined in and
propagates along the optical waveguide core 2. In other
words, in the side-wall grating optical waveguide type optical
modulator 5, the gratings 4 have a thickness equal to that of
the optical waveguide core 2 and are formed partially along
the propagation direction of light so that light is selectively
confined in and propagates along the optical waveguide core
2.

In particular, in the embodiment, a first electrode 3A and a
second electrode 3B provided on opposite sides of the optical
waveguide core 2 are provided as the electrodes 3. The first
electrode 3 A and the second electrode 3B extend linearly and
are provided in parallel to each other along the propagation
direction of light and in parallel to the optical waveguide core
2. The first electrode 3A and the second electrode 3B are
metal electrodes. The first electrode 3 A is an n-side electrode
while the second electrode 3B is a p-side electrode.

Further, in the embodiment, the optical waveguide core 2
has doped regions 2X doped in the n type or the p type and
non-doped regions 2Y, and the doped regions 2X and the
non-doped regions 2Y are disposed alternately along the
propagation direction of light. The doped regions 2X include
an n-type doped region 2A doped in the n type and a p-type
doped region 2B joined to the n-type doped region 2A and
doped in the p type. In particular, one of side wall sides of each
doped region 2X extending from one side wall to the other
side wall of the optical waveguide core 2 is set as the n-type
doped region 2A while the other side wall side of the doped
region 2X is set as the p-type doped region 2B. At or in the
proximity of a central position in the widthwise direction of
the optical waveguide core 2, the n-type doped region 2A and
the p-type doped region 2B are joined together to form the pn
junction portion 1. In other words, the optical waveguide core
2 includes the pn junction portion 1 at which the n-type doped
region 2A and the p-type doped region 2B juxtaposed with
each other along the direction (horizontal direction) perpen-
dicular to the propagation direction of light are joined
together. The pn junction plane of the pn junction portion 1
extends in the heightwise direction of the optical waveguide
core 2 (direction perpendicular to the wafer plane). Further,
the doped regions 2X are provided partially (here, periodi-
cally) in a fixedly spaced relationship from each other along
the propagation direction of light. Here, the n-type doped
region 2A provided on the one side wall side of the doped
region 2X is provided partially (here, periodically) in a fix-
edly spaced relationship from each other along the propaga-
tion direction of light, and the p-type doped region 2B pro-
vided on the other side wall side of the doped region 2X is
provided partially (here, periodically) in a fixedly spaced
relationship from each other along the propagation direction
of light. Therefore, in the embodiment, the n-type doped
regions 2A and the non-doped regions 2Y are provided alter-
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nately along the propagation direction of light, and the p-type
doped regions 2B and the non-doped regions 2Y are provided
alternately along the propagation direction of light.

Further, in the embodiment, the plurality of channels 4
include a plurality of n-type channels 4A made of a semicon-
ductor material doped in the n type and connecting to the
n-type doped regions 2A, and a plurality of p-type channels
4B made of a semiconductor material doped in the p type and
connecting to the p-type doped regions 2B. In other words,
the channels 4A and 4B provided on opposite sides of the
optical waveguide core 2 are doped in different polarities
from each other. The plurality of n-type channels 4A electri-
cally connect the optical waveguide core 2 and the first elec-
trodes 3 A and are provided in a spaced relationship from each
other along the propagation direction of light. In the embodi-
ment, the plurality of n-type channels 4A are provided peri-
odically in a fixedly spaced relationship from each other
along the propagation direction of light. Meanwhile, the plu-
rality of p-type channels 4B electrically connect the optical
waveguide core 2 and the second electrodes 3B to each other
and are provided in a spaced relationship from each other
along the propagation direction of light. In the embodiment,
the plurality of p-type channels 4B are provided periodically
in a fixedly spaced relationship from each other along the
propagation direction of light.

It is to be noted that, although the plurality of channels 4
(namely, the plurality of n-type channels 4A and the plurality
of p-type channels 4B) and the electrodes 3 (namely, the first
electrode 3A and the second electrode 3B) here are provided
on opposite sides of the optical waveguide core 2, the provi-
sion ofthem is not limited to this, but the plurality of channels
4 and the electrodes 3 may be provided only on at least one of
the sides of the optical waveguide core 2. Further, while the
positions of the plurality of channels 4 individually provided
on opposite sides of the optical waveguide core 2, namely, the
positions of the plurality of n-type channels 4A and the posi-
tions ofthe plurality of p-type channels 4B, are set to the same
positions along the propagation direction of light, the
arrangement of them is not limited to this, but the positions of
them may be displaced from each other such that they are
different from each other along the propagation direction of
light.

Incidentally, it is necessitated for the optical modulator 5 to
operate ata higher speed and over a wide band. The frequency
response characteristic of the optical modulator depends
upon the cutoff frequency £, ;; (2nRC)™! and, in frequencies
higher than the cutoff frequency f, 5, the response of the
optical modulator drops in proportion to the frequency. It is to
be noted that, if a driving signal in which the frequency
characteristic of the optical modulator is compensated for in
advance such as, for example, a pre-emphasis signal is used,
then a sufficient response is obtained also in frequencies
higher than the cutoff frequency f; 5, and this makes it pos-
sible for the optical modulator to operate at a higher speed and
over a wide band.

Here, if the side-wall grating optical waveguide type opti-
cal modulator 5 is represented by an equivalent circuit, then
each pn junction portion 1 included in the optical waveguide
core 2 is represented as electrical capacitance C and each
channel 4 and the portion of the optical waveguide core 2
between the channel 4 and the pn junction portion 1 are
represented as electrical resistance R.

Thus, the modulation operation of the side-wall grating
optical waveguide type optical modulator 5 is equivalent to
increase or decrease of the charge to be accumulated in the
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electrical capacitance C by supplying current (high frequency
current) to the electrical capacitance C through the electrical
resistance R.

In this case, the modulation efficiency upon high-speed
broadband operation (high frequency operation) of the side-
wall grating optical waveguide type optical modulator 5
depends upon by how much carriers can be placed into and
out of the electrical capacitance C when a modulation signal
(high frequency modulation signal) is supplied (for example,
when a fixed high-frequency voltage amplitude is applied). In
other words, with the side-wall grating optical waveguide
type optical modulator 5, greater modulation can be obtained
and the modulation efficiency can be improved by increasing
the charge amount to be placed into and out of the electrical
capacitance C.

Further, in the side-wall grating optical waveguide type
optical modulator 5, in high-frequency operation, namely,
when the operating frequency (maximum operating fre-
quency) fis higher than the cutoff frequency f; ;5 (£>1; ;5), the
charge amount accumulated in the electrical capacitance C
depends upon the magnitude of the electrical resistance value
of'the channel 4 and the portion of the optical waveguide core
2 between the channel 4 and the pn junction portion 1 repre-
sented as electrical resistance R. In particular, if the electrical
resistance value of the channel 4 and the portion of the optical
waveguide core 2 between the channel 4 and the pn junction
portion 1 represented as electrical resistance R is decreased,
then higher current can be supplied to the channel 4 and the
portion of the optical waveguide core 2 between the channel
4 and the pn junction portion 1, and a corresponding greater
amount of charge can be accumulated into the electrical
capacitance C. In order to decrease the electrical resistance
value of the channel 4 and the portion of the optical
waveguide core 2 between the channel 4 and the pn junction
portion 1 represented as electrical resistance R, the channel 4
and the portion of the optical waveguide core 2 between the
channel 4 and the pn junction portion 1 may be doped in the
n type or the p type.

It is to be noted that the electrical resistance value of the
portion represented as electrical resistance R can be reduced
by increasing the doping concentration. Further, while the
channel 4 and the portion of the optical waveguide core 2
between the channel 4 and the pn junction portion 1 are taken
into consideration as the electrical resistance R when charge
is placed into and out of the optical waveguide core 2 here, in
an actual driving system, it is preferable to additionally take
also the load resistance of the power supply of the driving
system into consideration.

In this manner, in the side-wall grating optical waveguide
type optical modulator 5, when the operating frequency f is
higher than the cutoft frequency {5, (f>f;,), a greater
amount of charge can be accumulated into the electrical
capacitance C by doping the channel 4 and the portion of the
optical waveguide core 2 between the channel 4 and the pn
junction portion 1 in the n type or the p type to reduce the
electrical resistance value of the channel 4 and the portion of
the optical waveguide core 2 between the channel 4 and the pn
junction portion 1. As a result, a greater amount of modulation
can be obtained and the modulation efficiency can be
improved.

However, if the optical waveguide core 2 is doped in the n
type or the p type as depicted in FIG. 2, then the propagation
loss experienced by light that is confined in and propagates
along the optical waveguide core 2 increases.

Therefore, in the side-wall grating optical waveguide type
optical modulator 5, the optical waveguide core 2 includes a
doped regions 2X and a non-doped regions 2Y provided
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alternately along the propagation direction of light as
depicted in FIGS. 1A to 1C. In particular, the optical
waveguide core 2 includes a plurality of doped regions 2X
provided in a spaced relationship from each other along the
propagation direction of light, and a plurality of non-doped
regions 2Y provided in a spaced relationship from each other
along the propagation direction of light. The doping concen-
tration of the optical waveguide core 2 is made non-uniform
along the propagation direction of light in this manner. Here,
the doped regions 2X and the non-doped regions 2Y extend
over the entire length in the widthwise direction of the optical
waveguide core 2. In other words, the doped regions 2X and
the non-doped regions 2Y extend from one side wall to the
other side wall of the optical waveguide core 2. Further, a
plurality of channels 4, namely, a plurality of gratings, are
connected to the doped regions 2X (namely, the plurality of
dopedregions 2X) of the optical waveguide core 2. Here, each
doped region 2X of the optical waveguide core 2 includes a
portion at which the channel 4 contacts with the optical
waveguide core 2. Therefore, the doped region 2X of the
optical waveguide core 2 is aregion to opposite sides of which
the channels 4 are connected, and the non-doped region 2Y of
the optical waveguide core 2 is a region to opposite sides of
which the channels 4 are not connected.

Thus, when the operating frequency {f is higher than the
cutoff frequency f;z (f>1;5) improvement of the modula-
tion efficiency can be implemented while increase of the
propagation loss is prevented. In other words, reduction of the
optical loss can be implemented while the modulation effi-
ciency upon high speed operation is enhanced. In this manner,
the side-wall grating optical waveguide type optical modula-
tor 5 which can operate at a higher speed while it prevents
increase of the propagation loss can be implemented.

Since the doped region which makes a main cause of the
propagation loss in the optical waveguide core 2 on which the
intensity of light is concentrated disappear partially, the
propagation loss experienced by light propagating along the
optical waveguide core 2 is reduced in comparison with that
in an alternative case in which the optical waveguide core 2 is
doped entirely (refer to, for example, FIG. 2). In this case, the
pnjunction portions 1 reduce and the electrical capacitance C
of the optical modulator 5 drops in comparison with those in
an alternative case in which the optical waveguide core 2 is
doped entirely (refer to, for example, FIG. 2). However,
where the operating frequency f is higher than the cutoff
frequency 1, ;5 (£>1; ;5), the modulation efficiency of the opti-
cal modulator depends not upon the electrical capacitance C
but upon the electrical resistance R. Further, that the channel
4 and the portion of the optical waveguide core 2 between the
channel 4 and the pn junction portion 1 are doped is same as
that in the case in which the optical waveguide core 2 is doped
entirely (refer to, for example, FIG. 2). Therefore, the elec-
trical resistance R is equal to that in the case in which the
optical waveguide core 2 is doped entirely (refer to, for
example, FIG. 2). Accordingly, the modulation efficiency is
equal to that in the case in which the optical waveguide core
2 is doped entirely (refer to, for example, FIG. 2). In this
manner, the propagation loss can be reduced while an equal
modulation efficiency is maintained in comparison with the
alternative case in which the optical waveguide core 2 is
doped entirely (refer to, for example, FIG. 2).

It is to be noted here that, while improvement of the modu-
lation efficiency can be implemented while increase of the
propagation loss is suppressed when the operating frequency
f is higher than the cutoff frequency f,,; (f>f;,5), such
improvement of the modulation efficiency is not limited to
this, but even when the operating frequency f'is lower than the
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cutoff frequency f; 5 (f<f; ;z), the effect that the propagation
loss (optical loss) is reduced is achieved in comparison with
the alternative case in which the optical waveguide core 2 is
doped entirely (refer to, for example, FIG. 2). In other words,
when the operating frequency f is lower than the cutoff fre-
quency f; ;5 (f<f ;) the modulation efficiency depends upon
the electrical capacitance C. Therefore, if the optical
waveguide core 2 is doped partially as depicted in FIGS. 1A
to 1C, then it is considered that, although the propagation loss
can be reduced, also the electrical capacitance C of the optical
modulator 5 drops and also the modulation efficiency drops
together with the drop of the electrical capacitance C. How-
ever, a region, to opposite sides of which the channel 4 is not
connected, of the optical waveguide core 2 is not doped. Even
where the optical waveguide core 2 is doped entirely (refer to,
for example, FIG. 2), it is considered that a region, to opposite
sides of which the channel 4 is not connected, of the optical
waveguide core 2 does not function very much as the electri-
cal capacitance C. Therefore, the propagation loss can be
reduced without a significant drop of the modulation effi-
ciency in comparison with the alternative case in which the
optical waveguide core 2 is doped entirely (refer to, for
example, FIG. 2).

Especially, if only the regions in which the channels (grat-
ings) are connected to opposite sides of the optical waveguide
core 2 are selectively doped in the side-wall grating optical
waveguide type optical modulator 5 as described herein-
above, then the electrical capacitance C of the optical modu-
lator 5 drops. In this case, the width of the doped regions 2X,
namely, the length of the doped regions 2X in the direction
along the propagation direction of light, may be determined
so that the electrical capacitance C drops within a range
within which the condition (f>f; ;) that the operating fre-
quency (maximum operation frequency) f of the optical
modulator 5 is higher than the cutoff frequency (3 dB band)
f, ;5~(2nRC)™! that depends upon the electrical resistance R
and the electrical capacitance C is satisfied.

In other words, although, where the optical waveguide core
2 is doped partially, the electrical capacitance C of the optical
modulator 5 drops, the width of the doped regions 2X of the
optical waveguide core 2 is preferably determined so that the
width thereof does not become too small in order to prevent
the electrical capacitance C from dropping too much.

On the other hand, where a fabrication method hereinafter
described (refer to FIGS. 4A to 4M) is used for fabrication,
the width of the doped region 2X of the optical waveguide
core 2 becomes a little greater than the width (grating width)
of the channel 4. Here, while the width of the channel 4 is
approximately 70 nm, the width of the doped region 2X of the
optical waveguide core 2 is approximately 100 nm. In other
words, in the fabrication method hereinafter described (refer
to FIGS. 4A to 4M), after partial doping into the optical
waveguide core 2 is carried out, etching is carried out so that
the channels (gratings) 4 may be left in accordance with the
doped regions 2X. Therefore, a margin for alignment is pro-
vided on opposite sides of the doped regions 2X of the optical
waveguide core 2 by making the width of the doped regions
2X of the optical waveguide core 2 a little greater than the
width of the channels 4 in advance so that the positions of the
channels 4 to be left by the etching may coincide with them.
In this case, the width of the doped regions 2X of the optical
waveguide core 2 becomes a little greater than the width of the
channel 4.

If those points are taken into consideration, then where an
error in alignment upon fabrication is negligible, it is prefer-
able to make the width of the doped regions 2X of the optical
waveguide core 2 equal to the width of the channels 4, but
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where an error that is not negligible occurs, it is preferable to
make the width of the doped regions 2X of the optical
waveguide core 2 greater than the width of the channels 4 in
accordance with the error. It is to be noted that, if the electrical
capacitance C becomes too low in the fabricated side-wall
grating optical waveguide type optical modulator 5, then it is
possible to increase the electrical capacitance C so as to
satisfy £>1; ;; by applying a bias voltage in the forward direc-
tion to the diode (pn junction portion 1) included in the optical
waveguide core 2.

In the following, a case in which the side-wall grating
optical waveguide type optical modulator 5 described above
is used as a phase modulator provided in a Mach-Zehnder
type optical modulator 6 and silicon is used as a semiconduc-
tor material that configures the phase modulator is taken as an
example and described particularly with reference to FIGS.
1A to 1C and 3. It is to be noted that FIG. 1A is an enlarged
view of a region X surrounded by a broken line in FIG. 3,
namely, an enlarged view of a phase modulator portion of the
Mach-Zehnder type optical modulator 6.

The Mach-Zehnder type optical modulator 6 includes two
arms 7 as illustrated in FIG. 3 and includes, as a phase modu-
lator, the side-wall grating optical waveguide type optical
modulator 5 described hereinabove on each of thetwo arms 7.
Continuous light inputted from one side of the Mach-Zehnder
type optical modulator 6 is outputted as modulated light from
the other side of the Mach-Zehnder type optical modulator 6.
Here, in the above-described side-wall grating optical
waveguide type optical modulator 5 provided on each of the
two arms 7, one of the electrodes 3 is used as a common
electrode. Further, a voltage signal source 8 is connected to
the electrode 3 provided on the side-wall grating optical
waveguide type optical modulator 5 described hereinabove
provided on one of the two arms 7 such that a high frequency
voltage is applied as a modulation signal. It is to be noted that
the phase modulator is referred to also as phase modulation
device. Further, the side-wall grating optical waveguide type
optical modulator 5 is referred to also as side-wall grating
optical waveguide type optical modulation device. The volt-
age signal source 8 may otherwise be connected to each of the
electrodes 3 provided on the above-described side-wall grat-
ing optical waveguide type optical modulator 5 provided on
each of the two arms 7 such that a high frequency voltage is
applied as a modulation signal.

In this case, in the above-described side-wall grating opti-
cal waveguide type optical modulator 5 used as a phase modu-
lator, the voltage to be applied from the electrodes 3 to the
optical waveguide core 2 through the plurality of channels 4
is varied. Consequently, the concentration of free carriers of
electrons and holes of the pn junction portion 1 are varied to
vary the refractive index of the optical waveguide core 2 by a
free carrier plasma effect thereby to modulate the phase of
light confined in and propagating along the optical waveguide
core 2. In this case, since the region in which the carrier
concentration varies is a region in the proximity of the pn
junction portion 1 (pn junction plane), it is possible to raise
the modulation efficiency by increasing the spatial overlap
between the pn junction portion 1 and the intensity distribu-
tion of propagation light.

Here, in the Mach-Zehnder type optical modulator 6, the
two arms 7 (refer to FIG. 3) and the optical waveguide core 2,
channels (gratings) 4 and pads 9 provided on the above-
described side-wall grating optical waveguide type optical
modulator 5 are formed by using a SOI substrate 13 wherein
a buried oxide (BOX) layer 11 of a thickness of approxi-
mately 2 pm and a crystal silicon (SOI; silicon on insulator)
layer 12 of another film thickness of approximately 220 nm
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are formed on a silicon substrate 10 as depicted in FIGS. 1A
to 1C, doping the SOI layer (silicon layer) 12 partially in the
n type or the p type and then etching to pattern the SOI layer
12. Specifically, the optical waveguide core 2 is doped par-
tially along the propagation direction of light. In particular,
the optical waveguide core 2 has a doped region 2X and a
non-doped region 2Y provided alternately along the propa-
gation direction of light. Here, a region in which the channels
4 are connected to opposite sides of the optical waveguide
core 2 is set as the doped region 2X while another region in
which the channels 4 are not connected to opposite sides of
the optical waveguide core 2 is set as the non-doped region
2Y. Further, the pads 9 are provided in parallel to the optical
waveguide core 2 on opposite sides of the optical waveguide
core 2. Here, a first pad 9A is provided on one side of the
optical waveguide core 2 while a second pad 9B is provided
onthe other side of the optical waveguide core 2. The plurality
of channels (gratings) 4 are provided periodically in a spaced
relationship from each other between the optical waveguide
core 2 and the pads 9. In particular, the plurality of channels
(gratings) 4 are formed on opposite sides of the optical
waveguide core 2 such that they extend from the side walls of
the optical waveguide core 2 on the inner side to the side walls
of'the pads 9 on the outer side in a direction perpendicular to
the direction in which the optical waveguide core 2 extends.
The electrodes 3 made of a metal such as, for example, alu-
minum are provided immediately above the pads 9.

The two arms 7 (refer to FIG. 3) and the optical waveguide
core 2 provided on the above-described side-wall grating
optical waveguide type optical modulator 5 are made of sili-
con. In other words, the two arms 7 (refer to FIG. 3) and the
optical waveguide core 2 provided on the above-described
side-wall grating optical waveguide type optical modulator 5
are silicon waveguide cores. Specifically, the silicon from
which the optical waveguide core 2 is configured is doped, on
one side of the region on opposite sides of which the channels
4 are connected, in the n type, and on the other side, in the p
type, but the region of the optical waveguide core 2 to oppo-
site sides of which no channel 4 is connected is not doped.
Further, the two arms 7 (refer to FIG. 3) and the optical
waveguide core 2 provided on the side-wall grating optical
waveguide type optical modulator 5 described hereinabove
have a width of approximately 450 nm and a thickness of
approximately 220 nm. Further, the width of the doped
regions 2X of the optical waveguide core 2 is approximately
100 nm and greater than the width of the channels 4 described
hereinbelow. In other words, the doped regions 2X of the
optical waveguide core 2 have a center position (center posi-
tion in the propagation direction of light) coincident with the
center position (center position in the widthwise direction) of
the channels 4 connected to opposite sides thereof and have a
width of approximately 100 nm, which is greater than the
width of the channels 4 hereinafter described.

Further, the plurality of channels 4 provided on the above-
described side-wall grating optical waveguide type optical
modulator 5 and the pads 9 on opposite sides are made of
silicon doped in the n type or the p type. In particular, those of
the plurality of channels 4 and the pads 9 on opposite sides,
which are provided on the one side, are doped in the n type,
and those provided on the other side are doped in the p type.
Further, the width of each of the channels 4 is approximately
70 nm. Further, the length of each of the channels 4, namely,
the length of the channels 4 in the direction perpendicular to
the direction in which the optical waveguide core 2 extends
(propagation direction of light) is approximately 2 um. Fur-
ther, the period of the plurality of channels 4 is approximately



US 9,229,251 B2

11

285 nm. Furthermore, the thickness of the channels 4 is
approximately 220 nm and is equal to the thickness of the
optical waveguide core 2.

Here, the pads 9 and the regions (outer side regions) 4AA
and 4BA ofthe channels 4 on the pads 9 side are doped in then
type or the p type in a higher concentration than the regions
(inner side regions) 4AB and 4BB of the channels 4A and 4B
on the optical waveguide core 2 side and the doped region 2X
(2A, 2B) of the optical waveguide core 2. For example, the
pads 9 and the regions 4AA and 4BA of the channels 4 on the
pads 9 side are high concentration doped regions of a doping
concentration of approximately 10°°/cm?, and the regions
4AB and 4BB of the channel 4 on the optical waveguide core
2 side and the doped region 2X (2A, 2B) of the optical
waveguide core 2 are low concentration doped regions of
another doping concentration of approximately 5x10*%/cm?.
In particular, the pad 9A on the one side and the region 4AA
of'each channel 4 on the pad 9A side are doped in the n type
in a high doping concentration of approximately 10*°/cm>
while the pad 9B on the other side and the region 4BA of each
channel 4B on the pad 9B side are doped in the p type in a high
doping concentration of 10*°/cm®. On the other hand, the
region 4AB of the channel 4 on the optical waveguide core 2
side and the doped region 2A of the optical waveguide core 2
on the one side are doped in the n type in a low doping
concentration of approximately 5x10'%/cm?, and the region
4BB of the channel 4B on the optical waveguide core 2 side
and the doped region 2B of the optical waveguide core 2 on
the other side are doped in the p type in a low doping concen-
tration of approximately 5x10'%/cm?>. It is to be noted that a
region doped in the n type in a high concentration is referred
to as n* type doped region and a region doped in the n type in
a low concentration is referred to as n~ type doped region
while a region doped in the p type in a high concentration is
referred to as p* type doped region and a region doped in the
p type in a low concentration is referred to as p~ type doped
region.

The two arms 7 (refer to FIG. 3) and the optical waveguide
core 2 and the plurality of channels 4 provided on the side-
wall grating optical waveguide type optical modulator 5
described hereinabove are peripherally covered with a SiO,
film (silicon oxide film; oxide film, overclad oxide film) 18
which functions as a clad.

Now, a fabrication method of the Mach-Zehnder type opti-
cal modulator 6 is described about a region of the side-wall
grating optical waveguide type optical modulator 5 described
hereinabove with reference to FIGS. 4A to 4M.

First, a SOI substrate (wafer) 13 wherein a buried oxide
(BOX) layer 11 of a thickness of approximately 2 um and a
crystal silicon (SOI) layer 12 of a film thickness of approxi-
mately 220 nm are formed on a silicon substrate 10 as
depicted in FIGS. 4A and 4B is prepared.

Then, regions that are to form the pads 9 of the SOI layer
(silicon layer) 12 and regions that are to form the regions 4AA
and 4BA of each channel 4 on the pad 9 side are doped in a
high concentration in the n type or the p type as depicted in
FIGS. 4C and 4D using, for example, a lithography technique
and an ion implantation technique. Here, the region that is to
form the pad 9A on the one side and the regions that are to
form the regions 4 AA of the channels 4A on the pad 9A side
are doped in the n type in a high doping concentration of
approximately 10°°/cm?, and the region that is to form the pad
9B on the other side and the regions that are to form the
regions 4BA of the channels 4B on the pad 9B side are doped
in the p type in a high doping concentration of approximately
10%°/cm?. Tt is to be noted that, in FIGS. 4C and 4D, a region
doped in the ntype in a high concentration is represented as n'
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type doped region 14 while a region doped in the p type in a
high concentration is represented as p* type doped region 15.
Then, regions that are to form the regions 4AB and 4BB of
the channels 4 of the SOI layer 12 on the optical waveguide
core 2 side and regions that are to form the doped regions 2X
(2A, 2B) of the optical waveguide core 2 are doped in the n
type or the p type in a low concentration as depicted in FIGS.
4E to 4G using, for example, a lithography technique and an
ion implantation technique. Here, the regions that are to form
the region 4AB of the channels 4A on the optical waveguide
core 2 side and the regions that are to form the doped regions
2 A of the optical waveguide core 2 on the one side are doped
in the n type in a low doping concentration of approximately
5x10*®/cm?, and the regions that are to form the region 4BB
of the channels 4B on the optical waveguide core 2 side and
the regions that are to form the doped regions 2B of the optical
waveguide core 2 on the other side are doped in the p type in
a low doping concentration of approximately 5x10'%/cm?. In
this manner, the region that is to form the optical waveguide
core 2 is partially doped in the n type or the p type along the
propagation direction of light (waveguide direction) together
with the regions that are to form the channels 4. In other
words, the region that is to form the optical waveguide core 2
is partially doped, in a region on an extension line of the
region that is to form each channel 4, in the n type or the p
type. It is to be noted that, in FIGS. 4E to 4G, the region doped
in the n type in a low concentration is represented as n~ doped
region 16 while the region doped in the p type in a low
concentration is represented as p~ doped region 17.

Here, taking a margin for alignment among the position of
a p-type doped region forming mask formed using a lithog-
raphy technique upon doping in the p type, the position of an
n-type doped region forming mask formed using a lithogra-
phy upon doping in the n type and the position of a side-wall
grating forming mask (channel forming mask) formed using
a lithography technique upon etching hereinafter described
into consideration, the region of a width of approximately 100
nm is doped as the region that is to form each channel 4 and
the regions that are to form the doped regions 2X (2A, 2B) of
the optical waveguide core 2. It is to be noted that, if there is
no necessity to take the margin for alignment into consider-
ation, then the region of a width of approximately 70 nm may
be doped.

Then, an unnecessary portion of the SOI layer 12 is
removed completely as depicted in FIGS. 4H to 4] using, for
example, a lithography technique and a dry etching tech-
nique. Consequently, the two arms 7 (refer to FIG. 3) that
configure the Mach-Zehnder type optical modulator 6, the
pads 9 (9A, 9B) that configure the side-wall grating optical
waveguide type optical modulator 5, the channels 4 (4A, 4B)
and the optical waveguide core 2 are formed from the remain-
ing SOI layer 12, namely, from the SOI layer 12 doped par-
tially in the n type or the p type.

Especially, the optical waveguide core 2 doped partially
along the propagation direction of light is formed. Here, the
optical waveguide core 2, wherein the doped regions 2X
having the n-type doped regions 2A doped in the n type in a
low concentration on the one side of the regions to opposite
sides of which the channels 4A and 4B are connected and the
p-type doped region 2B doped in the p type in a low concen-
tration on the other side of the regions, and the non-doped
regions 2Y having none of the channels 4A and 4B connected
to opposite sides thereof and not doped in the n type or the p
type are provided alternately along the propagation direction
of light, is formed. The width of the doped regions 2X of the
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optical waveguide core 2 is approximately 100 nm and is
greater than the width (approximately 70 nm) of the channels
4 (refer to FIG. 1A).

Further, the channels 4 are formed with a width of approxi-
mately 70 nm and a length of approximately 2 um (refer to
FIG. 1A). Further, the plurality of channels 4 are formed such
that they have a period of approximately 285 nm (refer to FI1G.
1A). Further, the plurality of channels 4A formed on the one
side are formed such that they include a region 4A A doped in
the n type in a high concentration and a region 4AB doped in
the n type in a low concentration. Further, the plurality of
channels 4B formed on the other side are formed such that
they include a region 4BA doped in the p type in a high
concentration and a region 4BB doped in the p type in a low
concentration.

Further, a pad 9A doped in the n type in a high concentra-
tion is formed on the one side, and a pad 9B doped in the p
type in a high concentration are formed on the other side.

Further, the thickness of the optical waveguide core 2 and
the thickness of the channels 4 are equal to each other and are
approximately 220 nm. Meanwhile, the two arms 7 (refer to
FIG. 3) and the optical waveguide core 2 are formed with a
width of approximately 450 nm (refer to FIG. 1A).

Then, the intermediate product is entirely covered with a
Si0, film 18 of, for example, approximately 1 um as depicted
in FIGS. 4K to 4M. Consequently, the two arms 7 (refer to
FIG. 3), the optical waveguide core 2 and the plurality of
channels 4 are peripherally covered with the SiO, film 18.

Thereafter, the SiO, film 18 just on the pads 9 is removed
and electrodes 3 made of a metal such as, for example, alu-
minum are formed. Here, the first electrode 3A is formed on
the first pad 9A provided on the one side, and the second
electrode 3B is formed on the second pad 9B provided on the
other side.

The Mach-Zehnder type optical modulator 6 including the
above-described side-wall grating optical waveguide type
optical modulator 5 as a phase modulator can be fabricated in
such a manner as described above.

In order to cause such a Mach-Zehnder type optical modu-
lator 6 as described above to operate, namely, in order to cause
the side-wall grating optical waveguide type optical modula-
tor 5 included in the Mach-Zehnder type optical modulator 6
to operate, a voltage of +0.8 V is applied as a DC bias voltage
upon operation in the forward direction to the pn j unction
portions 1. In this case, since the electrical capacitance C of
the side-wall grating optical waveguide type optical modula-
tor 5 becomes very great, the cutoff frequency £, ;5 normally
becomes a low frequency of approximately 100 MHz. Thus,
the side-wall grating optical waveguide type optical modula-
tor 5 carries out high speed broadband operation (maximum
operating frequency f=approximately 12.5 GHz) at approxi-
mately 12.5 Gb/s or more. In particular, in the side-wall
grating optical waveguide type optical modulator 5, a driving
signal that compensates for a frequency characteristic of the
optical modulator in advance such as a pre-emphasis signal
(referto, forexample, S. Akiyamaetal., “12.5-Gb/s operation
with 0.29-V-cm VL using silicon Mach-Zehnder modulator
based-on forward-biased pin diode”, Optics Express, Vol. 20,
No. 3, pp.2911-2923 (2012)) is used to perform driving by an
operation frequency higher than the cutoff frequency f; 5
thereby to make high speed broadband operation possible.

Now, an operating frequency of the above-described side-
wall grating optical waveguide type optical modulator 5 is
described.

The stop band in a transmission spectrum of the above-
described side-wall grating optical waveguide type optical
modulator 5 depends upon the period of the channels (grat-
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ings) 4. In the above-described side-wall grating optical
waveguide type optical modulator 5, the channels (gratings) 4
are provided periodically in a period of approximately 285
nm. Therefore, in the transmission spectrum of the side-wall
grating optical waveguide type described hereinabove, a stop
band (reflection wavelength band) arising from the side-wall
grating structure thereof can be seen in frequencies in the
proximity of approximately 1,470 nm. On the other hand, in
wavelengths on the longer wavelength side than the stop
band, namely, in the transmission wavelength band other than
the stop band, a comparatively flat transmission characteristic
is obtained. Therefore, a wavelength included in the transmis-
sion wavelength band within which the transmission charac-
teristic is comparatively flat may be used as the operating
wavelength. For example, the operating wavelength of the
side-wall grating optical waveguide type optical modulator 5
described hereinabove may be setto approximately 1,550 nm.
Here, in order to set the operating frequency to approximately
1,550 nm, the wavelength (input wavelength) of continuous
light to be inputted to the side-wall grating optical waveguide
type optical modulator 5 may be set to approximately 1,550
nm. For example, in an optical transmitter including a semi-
conductor laser that outputs continuous light and the optical
modulator 5 that modulates the continuous light from the
semiconductor laser, the wavelength of the continuous light
to be outputted from the semiconductor laser may be set to
approximately 1,550 nm. Where a wavelength included in the
transmission wavelength band is set as the operating wave-
length in this manner, the intensity distribution of propagation
light that propagates along the optical waveguide core 2 ofthe
above-described side-wall grating optical waveguide type
optical modulator 5 becomes substantially uniform in the
propagation direction as depicted in FIG. 6.

On the other hand, the modulation efficiency can be
improved further by setting the operating wavelength of the
above-described side-wall grating optical waveguide type
optical modulator 5 to a wavelength in the proximity ofaband
edge on the longer wavelength side of the stop band of the
transmission spectrum of the side-wall grating optical
waveguide type optical modulator 5. In the above-described
side-wall grating optical waveguide type optical modulator 5,
the channels (gratings) 4 are provided periodically in a period
of approximately 285 nm, and the wavelength in the proxim-
ity of the band edge on the longer wavelength side of the stop
band is approximately 1,470 nm. Therefore, by setting the
operating wavelength to approximately 1,470 nm, the inten-
sity distribution of propagation light that propagates along the
optical waveguide core 2 of the above-described side-wall
grating optical waveguide type optical modulator 5 is con-
centrated upon a region in which the channels (gratings) 4 are
connected in the propagation direction of light as depicted in
FIG. 7. This intensity distribution of propagation light coin-
cides with a distribution in a region of the side-wall grating
optical waveguide type optical modulator 5 in which charge
varies at a high speed, namely, in a region in which the pn
junction portions 1 in the optical waveguide core 2 are
formed. Therefore, a variation of the charge amount in the
optical waveguide core 2 comes to contribute more effec-
tively to phase modulation of propagation light. In other
words, in the side-wall grating optical waveguide type optical
modulator 5, an effect that an efficiency of the modulator is
enhanced with respect to a fixed voltage variation applied to
the modulator is obtained. Here, in order to set the operating
frequency to a wavelength in the proximity of the band edge
on the longer wavelength side of the stop band described
hereinabove, here, to approximately 1,470 nm, the wave-
length of continuous light to be inputted to the side-wall
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grating optical waveguide type optical modulator 5 may be
set to approximately 1,470 nm. For example, in an optical
transmitter including a semiconductor laser that outputs con-
tinuous light and the optical modulator 5 which modulates the
continuous light from the semiconductor laser, the wave-
length of the continuous light to be outputted from the semi-
conductor laser may be set to approximately 1,470 nm. Itisto
be noted that, by changing the period of channels (gratings) 4
on the above-described side-wall grating optical waveguide
type optical modulator 5, also it is possible to make the
wavelength in the proximity of the band edge on the longer
wavelength side of the stop band described hereinabove equal
to approximately 1,550 nm that is an operating wavelength,
which is popular in optical communication.

Accordingly, the optical modulator and the optical trans-
mitter according to the embodiment exhibit an advantage that
a side-wall grating waveguide type optical modulator which
can operate at a higher speed and an optical transmitter that
includes the side-wall grating waveguide type optical modu-
lator can be implemented while the propagation loss is pre-
vented from increasing.

It is to be noted that the present invention is not limited to
the configuration described in connection with the embodi-
ment described above but can be modified in various manners
without departing from the spirit and the scope of the present
invention.

For example, while, in the embodiment described above,
the n-type doped region 2A and the non-doped region 2Y are
provided alternately along the propagation direction of light
and the p-type doped region 2B and the non-doped region 2Y
are provided alternately along the propagation direction of
light, the provision of such regions is not limited to this. In
particular, at least one of the n-type doped region 2A and the
p-type doped region 2B and the non-doped region 2Y may be
provided alternately along the propagation direction of light.

For example, the n-type doped region 2A and the non-
doped region 2Y may be provided alternately along the
propagation direction of light while the p-type doped region
2B is provided continuously in the propagation direction of
light as depicted in FIG. 8. In particular, the n-type doped
region 2A provided on the one side wall side of the doped
region 2X may be provided partially (here, periodically) in a
fixedly spaced relationship along the propagation direction of
light while the p-type doped region 2B provided on the other
side wall side is provided entirely (namely, uniformly;
equally) along the propagation direction of light. Also in this
case, the doped region 2X includes the n-type doped region
2 A doped in the n type and the p-type doped region 2B joined
to the n-type doped region 2A and doped in the p type.
Further, the one side wall side of the optical waveguide core
2 is set as the n-type doped region 2A and the other side wall
side is set as the p-type doped region 2B. Further, at or in the
proximity of a central position of the optical waveguide core
2 in the widthwise direction, the n-type doped region 2A and
the p-type doped region 2B are joined together to form the pn
junction portion 1. It is to be noted that this is referred to as
first modification. With such a configuration of the first modi-
fication as described above, the propagation loss can be
reduced while an equal modulation efficiency is maintained
in comparison with the alternative case in which the optical
waveguide core 2 is doped entirely (for example, refer to FIG.
2). Further, since the p-type doped region 2B is provided
entirely in the propagation direction of light, the first modi-
fication exhibits an advantage that the fabrication process is
facilitated in comparison with the embodiment described
hereinabove (refer to FIG. 1A). In particular, in the side-wall
grating waveguide type optical modulator and the optical
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transmitter of the embodiment described hereinabove (refer
to FIG. 1A), alignment of the position of a p-type doped
region forming mask formed using a lithography technique
upon doping in the p type, the position of an n-type doped
region forming mask formed using a lithography technique
upon doping in the n type and the position of a side-wall
grating forming mask (channel forming mask) formed using
a lithography technique upon etching hereinafter described
are performed with high accuracy in the fabrication process.
In contrast, in the side-wall grating waveguide type optical
modulator and the optical transmitter of the first modification
(referto FIG. 8), since the p-type doped region 2B is provided
entirely in the propagation direction of light, alignment of the
position of an n-type doped region forming mask formed
using a lithography technique upon doping in the n type and
the position of a side-wall grating forming mask formed using
a lithography technique upon etching hereinafter described
(principally, alignment in a direction along the propagation
direction of light) may be performed with high accuracy in the
fabrication process. Therefore, the side-wall grating
waveguide type optical modulator and the optical transmitter
of the first modification exhibit an advantage that the fabri-
cation process is facilitated in comparison with those of the
embodiment described hereinabove.

Alternatively, the p-type doped region 2B and the non-
doped region 2Y may be provided alternately along the
propagation direction of light while the n-type doped region
2A is provided continuously along the propagation direction
of'light. In other words, the n-type doped region 2A provided
on the one side wall side of the doped region 2X may be
provided entirely (namely, uniformly; equally) along the
propagation direction of light while the p-type doped region
2B provided on the other side wall side is provided partially
(here, periodically) in a fixedly spaced relationship in the
propagation direction of light. Also in this case, the doped
region 2X includes the n-type doped region 2A doped in the
n type and the p-type doped region 2B joined to the n-type
doped region 2A and doped in the p type. Further, the one side
wall side of the optical waveguide core 2 is set the n-type
doped region 2A while the other side wall side is set as the
p-type doped region 2B. With such a configuration as
described above, the propagation loss can be reduced while an
equal modulation efficiency is maintained in comparison with
the alternative case in which the optical waveguide core 2 is
doped entirely (refer to, for example, FIG. 2). Further, since
the n-type doped region 2A is provided entirely in the propa-
gation direction of light, there is an advantage that the fabri-
cation process is facilitated in comparison with the embodi-
ment described hereinabove (refer to FIG. 1A). In particular,
in the side-wall grating waveguide type optical modulator and
the optical transmitter of the embodiment described herein-
above, alignment of the position of a p-type doped region
forming mask formed using a lithography technique upon
doping in the p type, the position of an n-type doped region
forming mask formed using a lithography technique upon
doping in the n type and the position of a side-wall grating
forming mask (channel forming mask) formed using a lithog-
raphy technique upon etching hereinafter described are per-
formed with high accuracy in the fabrication process. In con-
trast, in the side-wall grating waveguide type optical
modulator and the optical transmitter of the modification,
since the n-type doped region 2A is provided entirely in the
propagation direction of light, alignment of the position of a
p-type doped region forming mask formed using a lithogra-
phy technique upon doping in the p type and the position of a
side-wall grating forming mask formed using a lithography
technique upon etching hereinafter described (principally,
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alignment in a direction along the propagation direction of
light) may be performed with high accuracy in the fabrication
process. Therefore, the side-wall grating waveguide type
optical modulator and the optical transmitter of the modifi-
cation exhibit an advantage that the fabrication process is
facilitated in comparison with those of the embodiment
described hereinabove.

Further, in the embodiment described hereinabove, the
doped region 2X includes the n-type doped region 2A doped
in the n type and the p-type doped region 2B doped in the p
type, and the doped region 2X and the non-doped region 2Y
are provided alternately along the propagation direction of
light. Further, the plurality of channels 4 includes the plurality
of n-type channels 4A connected to the n-type doped regions
2A and the plurality of p-type channels 4B connected to the
p-type doped regions 2B. However, the configuration of the
components mentioned is not limited to this.

For example, the doped region 2X may include the p-type
doped region 2B doped in the p type, and the doped region 2X
and the non-doped region 2Y may be provided alternately in
the propagation direction of light as depicted in FIGS. 9A to
9C. Further, the plurality of channels 4 may include a plural-
ity of first n-type channels 4AX connected to the one side of
the doped regions 2X and a plurality of second n-type chan-
nels 4AY connected to the opposite side to the one side of the
doped regions 2X. In this case, the plurality of first n-type
channels 4AX are made of a semiconductor material doped in
the n type, electrically connect the optical waveguide core 2
and the first electrode 3 A to each other and are provided in a
spaced relationship from each other along the propagation
direction of light. Meanwhile, the plurality of second n-type
channels 4AY are made of a semiconductor material doped in
the n type, electrically connect the optical waveguide core 2
and the second electrode 3B to each other and are provided in
a spaced relationship from each other along the propagation
direction of light. Especially, preferably the plurality of first
n-type channels 4AX are provided periodically in a fixedly
spaced relationship from each other in the propagation direc-
tion of light, and preferably the plurality of second n-type
channels 4AY are provided periodically in a fixedly spaced
relations from each other along the propagation direction of
light. More particularly, a central region of the optical
waveguide core 2 in the widthwise direction may be set as the
p-type doped region 2B while opposite sides of the p-type
doped region 2B are set as a first n-type doped region 2AX
and a second n-type doped region 2AY and besides a first
n-type channel 4AX and a second n-type channel 4AY are
provided on opposite sides of the optical waveguide core 2. In
this case, the first n-type channel 4AX and the second n-type
channel 4AY may be formed by doping the regions 4AA on
the pads 9A and 9B side in the n type in a high doping
concentration of approximately 10°°/cm® and doping the
region 4AB on the optical waveguide core 2 side in the n type
in a low doping concentration of approximately 5x10*%/cm?.
Further, a central region of the optical waveguide core 2 in the
widthwise direction may be set as the p-type doped region 2B
doped in the p type in a low doping concentration of approxi-
mately 1x10'%/cm® while regions on opposite sides of the
central region are set as the first n-type doped region 2AX and
the second n-type doped region 2AY doped in the n type in a
low doping concentration of the approximately 5x10*%/cm?.
Itis to be noted that this is referred to as second modification.
Also with the side-wall grating waveguide type optical modu-
lator and the optical transmitter of the second modification
having such a configuration as described above, by applying
a voltage between the electrodes 3A and 3B provided on
opposite sides of the optical waveguide core 2, the concen-
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tration of the carriers at the pn junction portions 1 at which the
p-type doped regions 2B and the first n-type doped regions
2AX in the inside of the optical waveguide core 2 are joined
together and the pn junction portions 1 at which the p-type
doped region 2B and the second n-type doped region 2AY are
joined together can be changed, and it is possible to cause the
side-wall grating waveguide type optical modulator and the
optical transmitter to operate similarly as those in the embodi-
ment described hereinabove. Further, with such a configura-
tion of the second modification as described above, where the
doping concentrations are made equal, since the channels
(gratings) 4 doped in the n type and exhibiting a lower resis-
tance are used as channels on opposite sides of the optical
waveguide core 2, the side-wall grating waveguide type opti-
cal modulator and the optical transmitter exhibit an advantage
that, in comparison with an alternative case in which the loss
is fixed, a lower resistance can be achieved in comparison
with that in the embodiment described hereinabove.

In this manner, the n-type channels 4A and the n-type
doped regions 2A may be provided on the one side of the
optical waveguide core 2 while the p-type channels 4B and
the p-type doped regions 2B are provided on the other side
and the n-type doped regions 2A and the p-type doped regions
2B are joined together by pn junction similarly as in the
embodiment described hereinabove. Or, a central region of
the optical waveguide core 2 in the widthwise direction may
be set as the p-type doped region 2B while opposite sides of
the central region are set as the n-type doped regions 2AX and
2AY and n-type channels 4AX and 4AY are provided on
opposite sides of the optical waveguide core 2 to configure an
npn structure that includes two pn junction portions 1 simi-
larly as in the second modification. In other words, the chan-
nels 4 provided on opposite sides of the optical waveguide
core 2 may be doped in different polarities from each other as
in the embodiment described hereinabove, or the channels 4
provided on opposite sides of the optical waveguide core 2
may be doped in the same polarity as in the second modifi-
cation.

Further, while, in the foregoing description of the embodi-
ment, a case in which silicon (Si) is used as the material for
configuring the optical waveguide core 2, channels 4 and pads
9 of the optical modulator 5 is taken as an example, the
material of them is not limited to this, but a different material
may be used. For example, a material such as Ge or SiGe ora
material whose crystal can be grown on a GaAs substrate or
an InP substrate such as GalnAsP, InGaAs, GaAs or InP may
be used. It is to be noted that, while, in the embodiment
described above, an optical modulator that uses a free carrier
plasma effect in silicon is taken as an example, an optical
modulator may be configured otherwise using an electro-
optical effect such as a free carrier plasma effect, a Franz
Keldysh effect or a quantum confinement Stark effect in the
other materials mentioned above.

Further, while, in the embodiment and the modifications
described above, the Mach-Zehnder type optical modulator 6
in which the side-wall grating optical waveguide type optical
modulator 5 is used as a phase modulator is taken as an
example, the application of the side-wall grating waveguide
type optical modulator 5 is not limited to this, but also it is
possible to apply the side-wall grating waveguide type optical
modulator 5 to other optical modulators.

For example, the side-wall grating waveguide type optical
modulator 5 may be used as an absorption type optical modu-
lator 21 as depicted in FIG. 10. In this case, modulation of
light is performed utilizing a variation of the absorption coef-
ficient of light by a plasma effect of electrons/holes injected in
the optical waveguide core 2. Further, in this case, the side-
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wall grating waveguide type optical modulator 5 is provided
not on the two arms 7 (refer to FIG. 3) of such a Mach-
Zehnder type interferometer as in the embodiment described
hereinabove but on a single waveguide 20 as depicted in FI1G.
10. Further, a voltage signal source 8 may be connected to the
electrodes 3 provided on the side-wall grating waveguide type
optical modulator 5 such that a high frequency voltage as a
modulation signal may be applied. Then, by varying the car-
rier concentration in the inside of the optical waveguide core
2, the absorption coefficient of the optical waveguide core 2 is
varied thereby to modulate the intensity of light to be output-
ted from the optical waveguide core 2. It is to be noted that an
enlarged view of a region X surrounded by a broken line in
FIG. 10 exhibits a configuration same as the configuration of
the side-wall grating waveguide type optical modulator 5 of
the embodiment described hereinabove (refer to FIG. 1A) or
the configuration of any of the modifications to the embodi-
ment described hereinabove (refer to FIG. 8 or 9A). Further,
this is referred to as third modification. The absorption type
optical modulator 21 of the third modification having such a
configuration as described above exhibits an advantage that
the configuration is simplified in comparison with that of the
Mach-Zehnder type optical modulator 6. For example, while,
in the Mach-Zehnder type optical modulator 6, adjustment of
the initial phase difference between the two arms 7 of the
Mach-Zehnder interferometer is performed, the absorption
type optical modulator 21 exhibits an advantage that such
adjustment can be omitted. However, where the side-wall
grating waveguide type optical modulator 5 is used to utilize
a plasma effect in silicon, generally the resulting modulation
oflight is greater where the variation of the refractive index is
utilized than where the variation of the absorption coefficient
is utilized. Therefore, where the side-wall grating waveguide
type optical modulator 5 is used in the absorption type optical
modulator 21, the modulation efficiency is usually lower than
that where the side-wall grating waveguide type optical
modulator 5 is used in the Mach-Zehnder type optical modu-
lator 6.

All examples and conditional language provided herein are
intended for the pedagogical purposes of aiding the reader in
understanding the invention and the concepts contributed by
the inventor to further the art, and are not to be construed as
limitations to such specifically recited examples and condi-
tions, nor does the organization of such examples in the
specification relate to a showing of the superiority and infe-
riority of the invention. Although one or more embodiments
of the present inventions have been described in detail, it
should be understood that the various changes, substitutions,
and alterations could be made hereto without departing from
the spirit and scope of the invention.

What is claimed is:

1. An optical modulator comprising:

an optical waveguide core made of a semiconductor mate-
rial;

an electrode; and

a plurality of channels made of a semiconductor material
doped in an n type or a p type and electrically connecting
the optical waveguide core and the electrode to each
other; wherein

the plurality of channels are provided in a spaced relation-
ship from each other along a propagation direction of
light;

the optical waveguide core includes a doped region doped
in the n type or the p type and a non-doped region, the
doped region and the non-doped region being disposed
alternately along the propagation direction of light;
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each of the plurality of channels is connected to the doped

region;

the electrode includes a first electrode and a second elec-

trode provided on opposite sides of the optical
waveguide core;

the doped region includes

an n-type doped region doped in the n type, and

ap-type doped region joined to the n type doped region and

doped in the p type;

the non-doped region and at least one of the n-type doped

region and the p-type doped region are provided alter-
nately along the propagation direction of light; and

the plurality of channels include

a plurality of n-type channels made of a semiconductor

material doped in the n type, electrically connecting the
optical waveguide core and the first electrode to each
other, provided in a spaced relationship from each other
in the propagation direction of light and connected to the
n-type doped region, and

a plurality of p-type channels made of a semiconductor

material doped in the p type, electrically connecting the
optical waveguide core and the second electrode to each
other, provided in a spaced relationship from each other
in the propagation direction of light and connected to the
p-type doped region.

2. The optical modulator according to claim 1, wherein the
n-type doped region and the non-doped region are provided
alternately along the propagation direction of light, and

the p-type doped region and the non-doped region are

provided alternately along the propagation direction of
light.

3. The optical modulator according to claim 1, wherein the
n-type doped region and the non-doped region are provided
alternately along the propagation direction of light, and

the p-type doped region is provided successively along the

propagation direction of light.

4. The optical modulator according to claim 1, wherein the
p-type doped region and the non-doped region are provided
alternately along the propagation direction of light, and

the n-type doped region is provided successively along the

propagation direction of light.

5. The optical modulator according to claim 1, wherein the
plurality of n-type channels are provided periodically in a
fixedly spaced relationship from each other along the propa-
gation direction of light, and

the plurality of p-type channels are provided periodically

in a fixedly spaced relationship from each other along
the propagation direction of light.

6. An optical modulator comprising:

an optical waveguide core made of a semiconductor mate-

rial;

an electrode; and

a plurality of channels made of a semiconductor material

dopedin an ntype or ap type and electrically connecting
the optical waveguide core and the electrode to each
other; wherein

the plurality of channels are provided in a spaced relation-

ship from each other along a propagation direction of
light;
the optical waveguide core includes a doped region doped
in the n type or the p type and a non-doped region, the
doped region and the non-doped region being disposed
alternately along the propagation direction of light;

each of the plurality of channels is connected to the doped
region;
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the electrode includes a first electrode and a second elec-
trode provided on opposite sides of the optical
waveguide core;

the doped region includes a p-type doped region doped in
the p type; and

the plurality of channels include

aplurality of first n-type channels made of a semiconductor
material doped in the n type, electrically connecting the
optical waveguide core and the first electrode to each
other, provided in a spaced relationship from each other
in the propagation direction of light and connected to
one side of the doped region, and

a plurality of second n-type channels made of a semicon-
ductor material doped in the n type, electrically connect-
ing the optical waveguide core and the second electrode
to each other, provided in a spaced relationship from
each other in the propagation direction of light and con-
nected to the opposite side to the one side of the doped
region.

7. The optical modulator according to claim 6, wherein the

plurality of first n-type channels are provided periodically in
a fixedly spaced relationship from each other in the propaga-
tion direction of light, and

the plurality of second n-type channels are provided peri-
odically in a fixedly spaced relationship from each other
in the propagation direction of light.

8. An optical modulator comprising:

an optical waveguide core made of a semiconductor mate-
rial;

an electrode; and

a plurality of channels made of a semiconductor material
doped in an n type or a p type and electrically connecting
the optical waveguide core and the electrode to each
other; wherein

the plurality of channels are provided in a spaced relation-
ship from each other along a propagation direction of

light;
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the optical waveguide core includes a doped region doped
in the n type or the p type and a non-doped region, the
doped region and the non-doped region being disposed
alternately along the propagation direction of light;

each of the plurality of channels is connected to the doped
region; and

the optical waveguide core and the plurality of channels
have an equal thickness.

9. An optical transmitter, comprising:

a semiconductor laser that outputs continuous light; and

an optical modulator that modulates the continuous light
from the semiconductor laser;

the optical modulator including:

an optical waveguide core made of a semiconductor mate-
rial;

an electrode; and

a plurality of channels made of a semiconductor material
dopedin an ntype or ap type and electrically connecting
the optical waveguide core and the electrode to each
other;

the plurality of channels being provided in a spaced rela-
tionship from each other along a propagation direction
of light;

the optical waveguide core including a doped region doped
in the n type or the p type and a non-doped region, the
doped region and the non-doped region being disposed
alternately along the propagation direction of light; and

each of the plurality of channels being connected to the
doped region;

the plurality of channels being provided periodically in a
fixedly spaced relationship from each other in the propa-
gation direction of light;

a wavelength of the continuous light outputted from the
semiconductor laser being set to a wavelength in the
proximity of a band edge on the longer wavelength side
of a stop band of a transmission spectrum of the optical
modulator.



